Abstract. Peptide chain termination is a result of at least two events: terminator codon recognition and hydrolysis of peptidyl tRNA. A protein factor S, isolated from the supernatant of Escherichia coli B, stimulates fMet release. Factor S lowers the Km for terminator trinucleotides without altering the Vm.x of release and therefore acts at terminator codon recognition. The S protein differs from initiation factors, elongation factor G, several forms of elongation factor T and release factors. The importance of the 2% Tu content in purified S is unresolved.
S activity are pooled (fraction III). Fraction III (220 mg protein in 50 ml) is dialyzed against buffer C (0.01 M imidazole, pH 6; 0.05 M KCl; and 0.002 M DTT) and applied to a 22 X 2.0 cm column packed with CM-Sephadex equilibrated in buffer C. Following application of fraction III, fractions (7.0 ml) are eluted with 125 ml of buffer C (30 ml/hr) followed by 150 ml linear gradient of potassium chloride (0.05-1.2 M). The tubes containing S activity are pooled (fraction IV). Fraction IV (4.2 mg protein in 3.0 ml) is dialyzed against buffer D (0.01 M potassium phosphate, pH 7.1; and 0.002 M DTT) and applied to a 8 X 0.9-cm column packed with hydroxylapatite equilibrated in buffer D. Following af plication of fraction IV, the 1.5 ml fractions are eluted (60 ml/hr) with 20 ml, 0.01 M; 20 ml, 0.045 M; and 20 ml, 0.10 M potassium phosphate and 0.002 M DTT.
Tubes 8-12, 15-19, and 32-37 are separately pooled, dialyzed against buffer E (0.02 M Tris-chloride, pH 8; and 0.002 M DTT), and concentrated by pressure filtration (Amicon Co., Lexington, Mass.). Only tubes 32-37 contain S activity (fraction V). All pooled fractions of S are dialyzed against buffer E, concentrated by pressure filtration, and stored at -170'C. Details of S purification are given in Table 1 .
Determination of elongation factor activities: Two methods of determining T(Tu + Ts), Tu, and Ts activities are used: (1) retention of [8H]GTP by T(Tu + Ts) and Tu on millipore filters and the stimulation of the rate of retention by Ts;4 (2) polymerization of phenylalanine under conditions requiring the addition of T(Tu + Ts), Tu, or Ts.5 Factor G (translocase) activity is determined by phenylalanine polymerization dependent upon added G factor.5 Conditions for phenylalanine polymerization correspond to those previously described. 8 Elongation factors Tu and Ts purification: The major peak of T(Tu + Ts) obtained from the DEAE-Sephadex fractionation of S (tubes 130-140, Fig. 4 ; fraction VI), is further purified by a modification of the procedure of Miller and Weissbach which employs a DEAE-Sephadex column equilibrated in 5 X 10-5 M GTP, followed by Sephadex G-100 chromatography in the absence of GTP.6 This fraction (fraction VII) is apparently homogenous by acrylamide gel analysis, and is stimulated 16-fold by Ts in phenylalanine polymerization (0.06 to 0.99 pmole polyphenylalanine), and therefore corresponds to Tu. Factor Ts is obtained from the 0.15 M potassium chloride wash of the DEAE-Sephadex column used in the preparation of S (tubes 20-125, Fig. 4 Results. Stimulation of formyl-methionine release: The effect of S on peptide chain termination is shown in Figure 1 . Preparations of S are devoid of The details of the purification of S are given in Materials and Methods. The activity of S was determined by fMet release at 300C for 10 min in 0.050 ml reactions containing: 0.5 nmole UAG; 264 nunits R1; S fractions as indicated; and additional components described in Materials and Methods. The activity of Tu was determined by phenylalanine polymerization. Each reaction was incubated at 30°C for 10 min and contained in 0.100 ml: saturating levels of partially purified R activity. S stimulates the rate of fMet release in the presence of R and terminator trinucleotide (only R2 and UAA shown). The addition of GTP, GDP, or GOPOPCP (10-4 M) to reactions containing S + R2 + UAA inhibits only the S stimulation of release and has no effect on release of fMet dependent on R2 + UAA. 3 At limiting concentrations of UAA, the rate of fMet release is determined in the presence and absence of S (Fig. 2) . At low levels of trinucleotide, the addition of S significantly stimulates the rate of release. The trinucleotide concentration becomes saturating between 50 and 100 IAM in reactions containing S. The Km for trinucleotide codons and reaction Vmax are determined by examining similar data by the method of Lineweaver and Burk (Fig. 3) .8 S has no effect on the Vmax for fMet release. In the absence of S, the Km for UAA and UGA is 8.3 X 10-5 M and 5.6 X 10-5 M, respectively. The Km for both codons is lowered to 1.3 X 10-5 M with S + R. Additional experiments with R1 indicate S lowers the Km for UAA and UAG by six-to sevenfold. These studies suggest S affects terminator codon recognition, not hydrolysis of peptidyl tRNA.
Since S lowers the Km for terminator codons, in vitro conditions which require S for release are established by using a low level of trinucleotide, 10 ,M UAA (see Fig. 2 ). Although the effects of S are observed from 00 to 40'C in the presence of NH4+ or K +, the S dependency is maximal when K + is used as the cation and reactions are incubated at 300C. Using these conditions, the rate of fMet formation as a function of the concentration of S protein is shown in Figure   4 . Formyl-methionine release is low (0.15 pmole/12 min) without S at 10 /AM\1 UAA and saturating R1. The addition of S to these reactions increases the rate of release, proportional to S protein concentration, up to 1.8 pmole/12 minutes. These conditions provide a highly sensitive method for detection and quantitation of S activity. Purification of S: Both the 0-55 and 55-80 per cent ammonium sulfate fractions of E. coli supernatant extracts contain S. Since the 55-80 per cent fraction is devoid of R activity2 and the chromatographic behavior and stimulatory characteristics of S isolated from the two ammonium sulfate fractions do not appear to differ, we have purified S from the 55-80 fraction (fraction 1). Following ammonium sulfate precipitation, fraction I is chromatographed on Sephadex G-100 (fraction II). Although S activity is detected in fraction J,3 fraction II is the earliest preparation which gives reliable specific activity determinations. S is further purified by DEAE-Sephadex chromatography (Fig. 5) . A single peak of S activity is identified (tubes 144-154, fraction III) with R1 and UAA or UAG, or R2 and UAA or UGA. The elongation factor activities of the column fractions are also determined. S separates from Ts (tubes 20-125, not illustrated); G (tubes 157-170); and the major T(Tu + Ts) peak (tubes 130-140). Fractions containing S (tubes 144-154) also contain T activity (determined by both GTP binding and Tu-dependent phenylalanine polymerization). Although S and the minor peak of T appear to coincide in Figure 5 , on other occasions S eluted between the two T peaks. S is further purified by CM-Sephadex column chromatography (Fig. 6) . The S activity elutes with 0.7 M KCl (fraction IV). Two fractions of T activity are detected (determined both by GTP binding and polymerization); tubes [3] [4] [5] [6] [7] [8] with no detectable S activity and tubes 27-31 coinciding with S activity. S is further purified by hydroxylapatite column chromatography (Table 1, and therefore resembles Tu. The S activity of this fraction is unaffected by the addition of Ts.
A summary of the purification of S and the Tu content of each fraction is given in Table 1 . S is purified 40-fold with 11 per cent cumulative recovery of activity.
(If the specific activity of fraction I rather than fraction II is compared to fraction V, S is purified more than 220-fold.) Tu specific activity in S decreases threefold with 0.1 per cent recovery of total activity. Although T(Tu + Ts) does not correspond to S (Figs. 5 and 6 ), we have purified Tu in order to investigate the possibility that S corresponds to Tu. The S and Tu activities of S (fraction V) and homogeneous Tu (fraction VII) are compared in Figure 7 . Both this fraction of Tu and a second preparation of highly purified Tu isolated by a different method9 have no detectable S activity and do not stimulate or inhibit S dependent release. Fraction V of S contains 2 per cent Tu protein as determined by specific activity comparisons with pure Tu. Levels of S which are saturating for formyl-methionine release severely limit Tu-dependent protein synthesis. These studies suggest that Tu does not correspond to S.
Discussion, The S protein is purified from the supernatant fraction of E. coli extracts and separates from initiation factors F1, F2, and F3'i (unpublished data? elongation factors Ts, T(Tu + Ts), and Gs and releavse factors R1 and R,.' Although S protein preparations contain Tu activity (see Results), the Tu content of S diminishes in total and specific activities throughout purification. More extensive purification of S is needed to resolve whether the 2 per cent Tu content in S occurs as a contaminant or is essential for S activity. However, two highly purified preparations of Tu have no effect on fMet release by R in the presence or absence of S. The available data indicate that S does not correspond to the previously characterized protein factors involved in peptide chain initiation, elongation, and termination,"1 12 and thus suggest S is an additional factor involved in protein synthesis.
Peptide chain termination is a result of both terminator codon recognition and hydrolysis of peptidyl tRNA and recently was shown to proceed through the formation of a release factor terminator codon ribosome intermediatel3 which occurs prior to peptide release. Since S-dependent fMet release is a reflection of both codon recognition and hydrolysis of peptidyl tRNA, S could act at either or both events. The release of fMet with R and terminator codon is consistent with the Michaelis-Menten theory of enzyme kinetics, where the equilibrium constant for the formation of the terminator codon recognition intermediate (R terminator codon .70S ribosome AUG f\Iet-tRNAF) is reflected in the trinucleotide Km determination and the rate of hydrolysis of fMet from this intermediate is reflected in the Vm.x measurement."4 Since S has no effect upon Vma but does lower the Km for trinucleotide codons, its site of action is at codon recognition. We suggest that S stimulates release by facilitating the formation of the R E terminator codon ribosome intermediates. This proposed action of S for chain termination may be analogous to the formation of fMet-tRNA AUG -ribosome intermediates by initiation factors' and aatRNA codon ribosome intermediates by elongation factor T.16 While it seems clear that S affects events during terminator codon recognition and not hydrolysis of peptidyl tRNA, the precise sequence of events and the mechanism of the GTP, GDP, or GOPOPCP inhibition requires further study.
